Objective: Stroke is commonly caused by thromboembolic events originating from ruptured carotid plaque with vulnerable composition. This study assessed the performance of acoustic radiation force impulse (ARFI) imaging, a noninvasive ultrasound elasticity imaging method, for delineating the composition of human carotid plaque in vivo with histologic validation.
Atherosclerosis in the carotid arteries is a major cause of stroke. 1 For many years, carotid stenosis has been used as the primary biomarker for predicting patient stroke risk and has been shown to be particularly efficacious in symptomatic patients who later undergo carotid endarterectomy (CEA). 2 However, CEA is less effective in asymptomatic patients, 3 and controversy has arisen over its use given modern advances in pharmaceutical treatment. 4, 5 Therefore, new biomarkers of carotid plaque instability are needed, particularly in patients with high-grade carotid stenosis who are not experiencing cerebrovascular symptoms. Plaque composition is linked closely to plaque rupture and later thromboembolic or ischemic events. 6 Most of our understanding of vulnerable carotid plaque has come from retrospective histopathologic studies. 7, 8 However, recent works with magnetic resonance imaging (MRI) have demonstrated that a number of plaque features are indeed associated with ischemic events, including lipid-rich necrotic core (NC), intraplaque hemorrhage (IPH), and thinning or ruptured fibrous cap (FC). A meta-analysis by Gupta et al 9 found these three features conveyed the highest hazard ratios for patients with carotid plaque: 4.59 (95% confidence interval, 2.91-7.24) for IPH, 3.00 (95% confidence interval, 1.51-5.95) for NC, and 5.93 (95% confidence interval, 2.65-13.20) for thinning/ruptured FC. Although these results support the relevance of MRI for predicting plaque risk, the high costs of MRI make wide-scale adoption and use as a screening tool challenging. Ultrasound imaging is a portable, lower-cost alternative to MRI and has been used extensively in the clinic to image carotid plaque. Doppler-based flow imaging has been successful at measuring level of stenosis; however, ultrasound echogenicity measures have inconsistently delineated plaque composition. 10 Some of this variability can be explained by operator dependence, but an additional challenge is that fibrotic and necrotic tissue types can exhibit very similar speckle patterns and echogenicity, and distinguishing them by backscatter analysis alone can be difficult.
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Acoustic radiation force impulse (ARFI) imaging is a novel ultrasound imaging technique that was developed to assess tissue elasticity. 12 ARFI imaging uses a longduration ultrasound burst to deform tissue and infers relative tissue elasticity from the magnitude of tissue displacement. Tissues that displace to a greater degree have a relatively low elastic modulus (ie, are soft), whereas tissues that do not displace as much have a relatively high elastic modulus (ie, are stiff). In the context of atherosclerosis, biomechanical studies have shown that plaque NC is mechanically soft 13 relative to normal arterial wall, whereas fibrosis and calcification are stiff.
14 Indeed, preliminary studies with ARFI in a porcine model of atherosclerosis have suggested that the technique is sensitive to clinically relevant features such as NC and FC. 15 This study assessed the potential of ARFI imaging for in vivo delineation of carotid plaque composition in humans. We hypothesized that ARFI imaging could differentiate plaques composed of soft components (NC and IPH) from plaques composed of stiff components (fibrosis and calcification) and also be used to identify FC thickness. These hypotheses were tested in a blinded reader study using histology from patients undergoing CEA as the gold standard.
METHODS
The University of North Carolina Chapel Hill Institutional Review Board approved all procedures in this study. Informed consent was given from each study participant.
Patients. Following a previously described protocol, 16 25 patients undergoing clinically indicated CEA were recruited from UNC Hospitals. Inclusion criteria included asymptomatic carotid artery disease with >60% Doppler-indicated stenosis and unresponsive to medical management (ie, patients with known disease who are being managed with antihypertensive medication, cholesterol medication, and smoking cessation, who have progression of stenosis implied unresolved naive to medical management) or symptomatic carotid artery disease with a stenosis suspected to be the source of emboli.
In vivo ARFI ultrasound imaging. ARFI imaging was performed with the carotid artery in longitudinal orientation using a Siemens Acuson Antares (Siemens Medical Solutions USA Inc, Ultrasound Division, Issaquah, Wash) and a VF7-3 linear array. 16 Data acquisition, processing, and image rendering methods are described in the Supplementary Methods (online only). Measured peak displacement (PD) was rendered into two-dimensional parametric images with adaptive color scaling. The PD images were displayed with transparency over corresponding B-mode images captured simultaneously with ARFI acquisitions for anatomical reference.
A registered sonographer acquired all imaging data before patient sedation on the same day of surgery. The interval between imaging and specimen extraction was w4 hours. The "surgical" plaque (ie, the plaque to be removed by CEA) was identified from prior ultrasound imaging sessions archived in the patients' medical record and was typically the plaque with the greatest stenosis. Before the imaging session was completed, the transducer was rotated 90
, and transverse B-modes and cine loops of the carotid bifurcation were obtained to aid in sample alignment.
Ex vivo specimen imaging, alignment, and histology. CEA specimens were photographed promptly after extraction and then placed in 10% neutral-buffered formalin for a minimum of 48 hours. sectioning and aligning histology to ARFI images are described in the Supplementary Methods (online only). This orientation and alignment process was performed by a separate reviewer, before and independent of the quantitative analysis described below. To ensure that only well-matched histology and ARFI data were considered for analysis, detailed inclusion criteria were developed, as described in the Supplementary Methods (online only).
Reader evaluation study. Three board-certified radiologists from UNC Hospital were recruited to evaluate ARFI images. None of the radiologists had previous experience with vascular ARFI imaging and were trained for w2 hours before commencing the study. The training regimen involved introducing the radiologists to the fundamentals of ARFI imaging, reviewing examples from preclinical and outside clinical studies, 17, 18 and instructing readers on the annotation software, which is described in greater detail below. The readers were blinded to the histologic results of the CEA specimens and patient clinical presentation during the course of ARFI image assessment. To facilitate image evaluation, a custom graphic user interface was developed in MATLAB software (Mathworks, Inc, Natick, Mass) to display ARFI image sets in a random order and capture reader responses. The design and operation of the graphic user interface is described in the Supplementary Methods (online only).
Readers were asked to manually segment plaque components from the ARFI images including (1) collagen (COL)/fibrosis, (2) CAL, (3) lipid/NC, (4) FC, and (5) IPH. To help guide image evaluation, a grading rubric was given to the readers, similar to that developed in our previous study 15 (Supplementary Table, online only). Next, following a methodology similar to Wintermark et al, 19 a three-bytwo grid was overlaid to break the image into six subsections, and the reader was asked to rate the plaque features in each subsection on an ordinal scale based on the perceived extent of that feature. The following rating scale was used: 1, absent (0%); 2, slight (1%-25%); 3, moderate (26%-50%); 4, extensive (51%-75%); and 5, severe (76%-100%). Readers were also asked to subjectively rate the overall ARFI image quality on a 5-point scale: 1, very bad; 2, bad; 3, okay; 4, good; 5, very good. The histology was evaluated following a similar procedure. A pathologist, blinded to the ARFI results, independently assessed and scored digitized slides with matching subsections. For the pathologist, additional ordinal rating options were added to the pull-down menus labeled "N/A" and "No plaque" that were used to indicate that a given subsection could not be rated due to a lack of tissue or did not contain plaque (ie, was normal tissue).
Statistics. ARFI performance for identifying plaque features was quantified using a number of statistical approaches. To test performance for detecting various plaque components, parametric receiver operating characteristic (ROC) curve analysis (bi-gamma) was performed with each subsection treated independently, as previously published, 15 and detailed further in the Supplementary Methods (online only). Performance was evaluated by computing area under the ROC curve (AUC) and choosing operating points that maximized sensitivity and specificity (with the constraint that sensitivity be greater than specificity). 20 AUCs were calculated for each individual plaque component and then for combined categories of plaque features with similar expected ARFI responses; for example, COL and CAL (both stiff features) and NC and IPH (both soft features). Combining responses was performed by taking the highest ordinal value from the two categories and comparing it to the equivalently joint histologic response. For example, if a reader rated a given subsection as a "4" for NC and "2" for IPH, the combined NC/IPH rating would be designated as a "4." To evaluate agreement between reader-measured FC thickness and histology-measured FC thickness, linear regression analysis, Spearman correlation (r), and Bland-Altman analysis were used using MATLAB.
RESULTS
Images were obtained for 26 plaques from 25 patients during the course of the study (Table I ). After exclusions, described in more detail in the Supplementary Methods (online only), the final data set included 58 subsections spanning 22 walls from 17 plaques extracted from 16 patients. The Supplementary Fig (online only) shows a flowchart detailing the exclusion procedure and sample sizes. From the included plaque samples, the pathologist was able to successfully measure 16 FCs from 15 plaques, which reduced to 14 after ARFI image quality exclusion. Fig 1 shows an example of an ARFI image segmented by a blinded reader with matched histology taken from a symptomatic 45-year-old woman. B-mode imaging shows echolucent plaque in the proximal and distal walls and focal stenosis (Fig 1, a) . The segmented ARFI PD image shows an area of high displacement in the proximal wall (10.8 6 11.7 mm) that is covered by a lowdisplacing region (2.8 6 0.9 mm) suggesting NC and FC (Fig 1, b and c) . Plaque in the bottom wall appears to have a focal region of relatively higher displacement (3.0 6 1.6 mm) also covered by a stiffer region (1.5 6 0.5 mm). Histology confirms the presence of American Heart Association type Va plaques 21 in both proximal and distal walls, with NC and FC (Fig 1, d ). Micro-CT imaging shows a small area of calcification in the distal wall coincident with the NC (Fig 1, d ), which appears stiff in the ARFI image and is misclassified as COL by the reader. Fig 3, and the corresponding sensitivities and specificities for an operating point that maximizes their sum is given in Table II .
Performance for measuring FC thickness, as determined by linear regression and Bland-Altman analysis, is shown in P ¼ .41), whereas reader 2 was more precise but with a significant positive bias (0.13 6 0.09 mm; P ¼ .007).
When results from the three readers were combined, a statistically significant positive bias was also measured (0.12 6 0.30 mm; P ¼ .037).
DISCUSSION
This study provides preliminary evidence that the composition of carotid plaques in humans can be delineated by ARFI imaging, with qualitative ARFI stiffness maps corresponding to lesion morphology determined from histology. Using ARFI imaging, three blinded radiologists were able to distinguish soft lipid-rich or hemorrhagic plaques from stiff fibrotic or calcified plaques with high but varying levels of success. When the AUC values presented in Fig 2 are examined, ARFI clearly struggled to distinguish regions of COL, CAL, and IPH when each category was considered individually. Median AUCs for these three components never exceeded a value of 0.7. The fourth component, NC, was detected with a slightly higher median AUC of 0.809, however, with a somewhat wide interquartile range of 0.690 to 0.888.
The AUC metrics improved markedly when features with like stiffness were grouped into combined categories. The combined COL/CAL category achieved a median AUC value of 0.859, and the combined NC/IPH category achieved a median AUC value of 0.887, with a maximum upper range of 0.92. Plaques with NC or IPH have both been shown to be relevant to predicting ischemic events, with average hazard ratios of 3.00 and 4.59, respectively, 9 suggesting that ARFI PD may be a clinically relevant parameter. Although differentiating features of like stiffness (eg, IPH and NC) was challenging in this study, the ability to discern features is expected to improve with increased reader training and enhancements to the ARFI imaging methods. As mentioned, readers were largely untrained before enrolling in the study because of the relative novelty of ARFI imaging in the clinic and the limited number of vascular training examples available to them. Readers were limited to training on porcine plaque examples taken from prior animal studies 15 and a small number of previously published in vivo human examples with no matched histology. 22 This limitation likely affected the results for IPH detection most significantly because none of these prior studies included examples of complicated American Heart Association type VI plaques. With further training, it is possible that readers will be able to better identify disruptions in FCs and infer the presence of IPH. Regarding CAL and COL discrimination, incorporating modern B-mode imaging techniques (such as harmonic imaging and spatial compounding) will likely greatly improve detection of these features independent of each other. B-mode sensitivity to CAL has been shown to be quite high in other studies (88.2%), 23 but was low in this study, suggesting that our B modes were inferior or that ARFI data confounded the readers' interpretation of CAL and caused them to alter their answers. The former is more likely to be the case, because B modes captured during ARFI imaging only included fundamental frequency images (6.15 MHz), and after the study, the radiologists anecdotally expressed frustration with B-mode quality. In future studies, ARFI imaging will be combined with sophisticated B-mode processing techniques, which would be expected to improve characterization performance of CAL and COL above what is reported here. The relevance of ARFI to measuring FC thickness was also demonstrated in this study (Fig 4) . Two of the three readers achieved relatively high R 2 and r values, and their FC thickness measurements were in close agreement with histology-derived FC thickness according to BlandAltman analysis. However, the capability of ARFI for detecting "critical" FC thickness of <0.5 mm on average, which confers higher risk for rupture, could not be fully evaluated because too few samples were representative examples. Only three of the 26 excised carotid plaques had FC thickness of <0.5 mm; among these, average FC thickness was 0.24 mm, 0.34 mm, and 0.49 mm. The thinnest FC was missed by all three readers, whereas the second thinnest FC was detected by two readers but incorrectly classified by both as having a thickness >0.5 mm. The third thinnest FC was also identified by two readers and was properly classified as having a thickness of <0.5 mm. Notably, this third FC had an average Box-and-whisker plots show distributions of areas under the curve (AUC) for three blinded readers for various plaque components. Reader ID number is given in the legend. The horizontal line in the middle of each box indicates the median; the top and bottom borders of the box mark the 75th and 25th percentiles, respectively, and the whiskers above and below the box extend to the most extreme value within 1.5 interquartile range in either direction. CAL, Calcium; C/C, combined collagen/calcium category; COL, dense collagen; IPH, intraplaque hemorrhage; NC, necrotic core; N/I, combined necrotic core/ intraplaque hemorrhage category. cap thickness >0.4 mm, which is the expected system axial resolution at 6.15 MHz and using a 1.5-l tracking kernel. The results (Fig 4) show that ARFI maybe be able to identify "noncritical" FCs (ie, >0.5 mm) with a predictive value that is relatively significant.
Finally, the overestimation bias across all three readers matched nearly identically to the mean positive bias predicted by finite element (FE) simulation in previous work (0.13 6 0.05 mm) for the equivalent imaging parameters. 24 Given the considerably larger standard deviation on the reader's measurements compared with FE (60.3 mm vs 60.05 mm), further investigation is needed to demonstrate the limits of ARFI FC thickness measurement; but nevertheless, the level of agreement between FE prediction and in vivo measurements was highly encouraging. Overall, reader success in identifying soft and stiff plaque components and in measuring FC thickness $0.49 mm suggests that ARFI is a facile modality, because readers were only trained for 2 hours. Reading ARFI images required the following two key skills: (1) ability to differentiate high from low displacing regions using a color bar, and (2) ability to associate identified areas of PD contrast with plaque features using basic knowledge of the morphology and composition of atherosclerotic plaques; that is, a soft region covered by a stiff layer is likely a NC covered by a FC. Moreover, ARFI data acquisition was performed using only B-mode guidance for optimization of the B-mode image frame. Therefore, ARFI imaging required no apparent increase in data acquisition time relative to conventional B-mode imaging and no unique data acquisition skills.
This study demonstrated a number of limitations. First, plaques within a wall positioned outside the ARFI focus had to be excluded because of poor displacement amplitude. This represents one of the main drawbacks of ARFI; namely, complete plaque characterization may be hindered if the focus is not set precisely. This limitation may be minimized in future studies by using multiple ARFI focal zones to extend the depth of field of ARFI images. 25 Second, perfect alignment between the ultrasound image and histology was challenging. Histologic samples were occasionally affected by warping, cracking, or disruption by the surgeon's incision. These issues led to a large quantity of subsection exclusions. Alignment of histology with the corresponding ARFI image was performed with great care before being given to the pathologist for rating; however, there may have still been subtle disagreement between ARFI imaging planes and histology.
Third, statistical analysis was performed by considering each subsection as an independent sample. This consideration was accepted, as was done in previous studies conducted by our group 15 and other groups, 19 under the reasoning that the parametric estimations of reader response distributions should still be statistically consistent even without knowing the correlation structure. Finally, the retained plaque specimens were disproportionately (13 of 16) from symptomatic patients because most patients that undergo CEA at UNC Hospitals are symptomatic and because asymptomatic plaques tended to have large CAL deposits that, if inadequately decalcified, tore the plaque sample during sectioning and rendered it unusable for our analysis. As a result of the unbalanced number of plaques from symptomatic vs asymptomatic patients in this study, evaluating the correlation between ARFI end points and patient symptoms was not possible.
CONCLUSIONS
This study has demonstrated the use of ARFI ultrasound imaging for discriminating soft from stiff plaque components using qualitative tissue stiffness maps. No adverse cerebrovascular events were observed after ARFI imaging in symptomatic patients. Although the readers achieved relatively low AUCs for distinguishing individual plaque components, performance improved for combined stiff (COL/CAL; median AUC, 0.859) and soft (NC/IPH; median AUC, 0.887) categories. In addition, ARFI was able to measure average FC thickness down to 0.49 mm with close agreement to histologically measured thickness. Given these results, the next step to translating ARFI to the clinic will be to perform prospective clinical trials to determine whether ARFI imaging features can be used to improve the ability to detect vulnerable plaques that put patients at high risk for future ischemic events.
APPENDIX (online only).

Supplementary Methods
In vivo acoustic radiation force impulse ultrasound imaging. Acoustic radiation force impulse (ARFI) excitation pulses were 300 cycles at 4.21 MHz, tracking pulses were two cycles at 6.15 MHz, and acquisitions were timed to diastole using electrocardiogram gating. From the acquired radio frequency data, ARFI-induced displacements were measured using normalized cross correlation with a 1.5-l (376-mm) kernel, two-stage interpolation, 1 and linear motion filtering.
2,3
Adaptive color scaling was implemented by first manually segmenting the plaque borders and then setting the maximum color scaling to the median peak displacement within the plaque plus two median absolute deviations. 4 Manual segmentation of the plaque border, particularly in echolucent plaques, was aided by power Doppler computed from ARFI ensembles. Ex vivo specimen microcomputed tomography imaging. To prevent sample dehydration, a small amount of formalin was poured into the mCT (Scanco Medical AG, Bassersdorf, Switzerland) cassette, and the cassette was sealed by stretching Parafilm (Bemis Co. Inc, Neenah, Wisc) across the top opening.
Orientating ex vivo specimens for sectioning. First, microcomputed tomography (micro-CT) volumes were imported into 3D Slicer 4.3.1 (http://www.slicer.org), and a pixel intensity threshold was used to segment the volume into two tissue types ("soft tissue" and "calcium"). Second, a two-dimensional axial (transverse) slice plane was placed in the volume at the point of the carotid bifurcation. The axial slice plane was adjusted until the angle between the internal carotid artery and external carotid artery matched that shown in the transverse, in vivo B modes captured during imaging. Third, a sagittal (longitudinal) slice representing the orthogonal view that would be achieved by rotating the transducer 90 was placed and adjusted for morphologic correspondence between the in vivo images and the sagittal plane. The information gleaned from this alignment process was then used to determine embedding orientation. Histology processing and alignment to ARFI images. Fixed samples were decalcified before embedding for at least 24 hours with Immunocal decalcifier (StatLab Medical, McKinney, Tex). Specimens were cut longitudinally with a razor blade into halves following the ultrasound plane predicted from micro-CT analysis and marked with tissue marking dye (Polysciences Inc, Warrington, Pa) to indicate sample orientation. Gross microscopic images of the luminal surface (original magnification Â6.3) were taken with a dissecting microscope (MZ9.5; Leica Microsystems GmbH, Wetzlar, Germany) for reference, and the tissue was embedded in paraffin. In most cases, the cutting plane was oriented with the surgeon's anterior/ longitudinal incision; however, when it was not, samples were embedded whole to prevent fragmentation (in which case, no dissecting microscope images were captured). Samples were then sectioned at 5-mm slice thickness and stained with hematoxylin and eosin and a combined Masson's elastin stain for collagen and elastin. Histologic slides were digitized with a Scanscope slide scanner (Aperio Technologies Inc, Vista, Calif) at original magnification Â20 and matched to the in vivo images using the known distances to the bifurcation as determined by ex vivo micro-CT.
Regions of extracellular lipid were not retained in specimens due to processing for the hematoxylin and eosin and Lillie Modified Masson's Trichome stains. Thus, regions of lipid accumulation were identified by the pathologist as voids in histology sections that corresponded to positions of the lipid rich necrotic core, therefore, below the fibrous cap. This identification of such lipid deposits in this manner is routine for a surgical pathologist.
Design and operation of the graphic user interface for the reader evaluation study. The graphic user interface displayed B mode alone and hybrid ARFI/B-mode overlay images with the outer plaque border manually outlined in white. In addition, the readers were given the option to view the B mode from the patients' medical record (stripped of any sonographer annotations and identifying information) as well as a toggle button that would smooth the ARFI images if desired. The smoothing algorithm consisted of an interpolation step in the lateral dimension (3Â spline interpolation), followed by two-dimensional Wiener filtering (1 Â 1 mm kernel size), and appeared similar to elastograms produced by commercial ARF-elastography products that implement such image postprocessing techniques.
Statistics. "True negative" and "true positive" distributions were created by dichotomizing histology results. Every dichotomization threshold was tested, but results are only shown for the best performing threshold, which in this study was >2 (ie, ratings of "absent" and "slight" were counted as true negatives, and ratings of "moderate," "extensive," and "severe" were counted as true positives).
Image inclusion criteria. First, subsections from fractured plaque specimens were automatically rejected from statistical analysis. Although histologic processing was usually possible on fractured samples, these samples lacked notable landmarks, such as the carotid bifurcation, that were needed to spatially align them to the corresponding ARFI images. Next, any subsections that were rated as N/A by the pathologist, indicating that no tissue was present in histology, were excluded because there was no gold standard for these subsections.
After these histologic exclusions, two ARFI exclusions were also implemented. First, any plaque with a mean image quality rating of <2 ("bad") was automatically excluded. Second, if the proximal or the distal wall was outside of the ARFI focus, then all three subsections from that wall were excluded. The ARFI focus was expected to span w5 mm; therefore, if the distance from the medial edges of the plaques in proximal and distal wall exceeded this, then only the wall that was within the focus was chosen for analysis.
Supplementary Results
Data exclusions. Six plaque specimens were badly damaged or fractured during carotid endarterectomy, preventing spatial alignment, and one highly calcified specimen was excluded because of poor image quality as determined by the readers. Finally, an additional 14 subsections were removed due to pathologist rating of N/A, and 42 subsections (14 walls) were removed due to being outside the ARFI focus. The Supplementary Fig  (online only) shows a flowchart detailing the exclusion procedure and counts.
